A complete understanding of the spatio-temporal variation in phenotypic traits in natural populations requires a combination of long-term ¢eld studies with experiments using captive animals. Field studies allow the formulation of realistic hypotheses, but have the disadvantage that they do not allow the complete control of many potential confounding variables. Studies with captive animals allow tests of hypotheses that cannot be examined in the ¢eld, but have the disadvantage that arti¢cial environments may provoke abnormal behaviour. Long-term studies that follow simultaneously captive and wild bird populations are rare. In a study lasting several years, we show here the unexpected patterns that two populations with a similar breeding time in the wild have non-overlapping breeding times in outdoor aviaries, and that two wild populations separated by a short geographical distance show di¡erences in the expression of natural behaviour in captivity. The experimental design used is exceptional in the sense that the captive populations were held at similar latitudes and altitudes as the wild populations. Our case study shows that studies with captive animals can lead to wrong conclusions if they are carried out without population ¢eld studies, and without knowledge of the natural habits and habitats of the species involved. To examine the reliability of experiments with captive animals, comparisons with ¢ndings from population ¢eld studies are essential.
INTRODUCTION
Combining long-term ¢eld studies with experiments using captive animals is crucial for a full understanding of the di¡erent sources of variation in phenotypic traits that occur in the natural populations. Field studies help us to create realistic hypotheses concerning phenomena that occur in natural populations. However, ¢eld studies do not allow a full control of the many factors that in£u-ence phenotypic traits in their natural environment. Studies with captive animals are important because they allow tests that cannot be carried out with ¢eld experiments (Visser & Lambrechts 1999) . Experiments with captive animals have the disadvantage, however, that arti¢cial environments that control for many environmental factors may provoke abnormal behaviour (Dawkins 1998; King 1999; Winkler & Leisler 1999) . In addition, within a few generations, captive animals may become quite di¡erent from their wild counterparts if the captive animals are exposed to new selection regimes (Kohane & Parsons 1988) .
In non-domesticated birds, reproductive and physiological traits can di¡er considerably between captive and wild individuals (Kendeigh 1941; Kern 1972; Murton & Westwood 1977; Wing¢eld 1980; Silverin & Westin 1995) . Furthermore, captive non-domesticated birds rarely breed (Wing¢eld 1980; Silverin & Westin 1995 ; but see Meijer & Schwabl 1989; Gwinner 1996) . In blue tits (Parus caeruleus) from the Mediterranean region, captive breeding individuals have been studied in the framework of long-term ¢eld studies (Blondel et al. , 1993 Lambrechts & Dias 1993; Dias & Blondel 1996a,b; Lambrechts et al. 1997a) . In the wild, leaf-eating caterpillars are a key prey for nestling tits (Perrins 1991; Pascual & Peris 1992; Blondel et al. 1991 Blondel et al. , 1998 and the peak-date of caterpillar availability is considered to be an important source of selection of the timing of reproduction (Perrins 1991; Van Noordwijk et al. 1995; Dias & Blondel 1996a) . Blue tits from mainland southern France and Corsica occupy two distinct habitat types, i.e. broad-leaved deciduous oak woodland (Quercus pubescens) with an early peak-date of caterpillar abundance in May versus evergreen oak woodland (Q. ilex) with a late peak-date of caterpillars in June (Zandt et al. 1990; Blondel et al. 1993; Dias & Blondel 1996a; Lambrechts et al. 1997a) . On the mainland, blue tit breeding time is nicely adjusted to the peak-date of caterpillars in broad-leaved deciduous woodland and they breed about ten days later in evergreen oak woodland. Gene £ow from broad-leaved deciduous woodland towards evergreen woodland prevents mainland blue tits from adjusting their timing of reproduction to the late optimal breeding time in evergreen woods (Dias et al. 1996) . On Corsica, however, population di¡erences in breeding time are much larger. Some blue tit populations breed at least one month earlier than others. In one valley (Corsica-Pirio) dominated by evergreen oak woodland the nestling stage occurs in June and matches the late peak-date of caterpillars in evergreen woods. In a nearby valley (Corsica-Muro) where broad-leaved deciduous oak trees are common, the nestling stage occurs in May and matches the early peak-date of caterpillars in broad-leaved deciduous oak habitat (Lambrechts et al. 1997a ). An additional ten-year study with captive blue tits showed that large population di¡erences in breeding time between the mainland and Corsica-Pirio blue tits are preserved in large outdoor aviaries on the European mainland Lambrechts & Dias 1993; Lambrechts et al. 1996 Lambrechts et al. , 1997b .
Here we present the results of a ¢ve-year study of breeding time with captive Corsica-Muro blue tits held in the same aviaries as in former studies with captive blue tits (see above). The breeding times obtained for wild and captive Muro blue tits are compared with those obtained with the mainland and Corsica-Pirio blue tits. We show that two populations with a similar timing of reproduction in the ¢eld, and similar responses to inter-year £uc-tuations in the date of maximum caterpillar availability, have non-overlapping breeding times in captivity where we controlled for several potential confounding variables. We also show that two populations that are separated by a short geographical distance in the wild (25 km) show considerable di¡erences in the development of natural behaviour in captivity. Our ¢ndings have important implications for the interpretation of results from laboratory experiments with non-domesticated animals carried out without knowledge of what is going on in the natural populations.
MATERIAL AND METHODS

(a) Field
The three study populations considered (mainland southern France, oak Q. pubescens, 43840' N, 03835' E versus Corsica-Muro, oak Q. pubescens, 42836' N, 08858' E; Corsica-Pirio, oak Q. ilex, 42824' N, 08844' E, see above; Dias & Blondel 1996a; Lambrechts et al. 1997a) were simultaneously followed from 1993 to 1998 following basic protocols that have been applied in blue tit study populations in the Mediterranean region for more than 20 years (Blondel & Isenmann 1979; Blondel et al. 1993; Dias & Blondel 1996a,b) . Because the di¡erent stages of reproduction after egg laying are rather ¢xed, and blue tits rarely produce second clutches, the average onset of egg laying of ¢rst clutches provides reliable information about the timing of reproduction at the population level. Lay dates starting 30 days after the start of the ¢rst clutch of the year (9.5%) were considered as replacement or second clutches, and therefore not considered in the analyses.
Caterpillar frass fall collected under trees was estimated simultaneously in both populations from 1993 onwards following protocols described by Zandt et al. (1990) and Blondel et al. (1991 Blondel et al. ( , 1998 . These measures provide good estimates of the peak-date of caterpillar availability (Zandt 1994) . Because of bad weather, the peak-date of caterpillar frass fall could not be determined for the mainland study plot in 1998.
(b) Aviaries
Captive non-domesticated blue tits from the Mediterranean region can breed (nest construction, egg laying, feeding o¡spring) with success in large outdoor aviaries provided with a nest-box and with one or two evergreen trees (Q. ilex) and food ad libitum (see Blondel et al. 1990; Lambrechts & Dias 1993; Lambrechts et al. 1996 Lambrechts et al. , 1997b . The breeding conditions were standardized in the sense that pairs of di¡erent populations were exposed to the same tree species, the same altitude and latitude, the same amount of space and the same food. Captive mainland and Pirio blue tits were studied from 1986. The Muro blue tits were followed in captivity from 1994. The aviaries, containing one pair per aviary, were situated on the mainland at similar altitudes and latitudes (43838' N, 03852' E) as the wild populations (see above), and were therefore exposed to similar microclimate and vernal changes in day length (Lambrechts et al. 1996 (Lambrechts et al. , 1997b . All birds were in captivity at least four months before the start of egg laying, and some reproduced in di¡erent years. Twelve captive Muro pairs provided 19 nest construction dates and ten of them gave 14 laying dates. Twelve captive Pirio pairs provided 16 nest construction dates and 17 egg-laying dates. Ten captive mainland pairs provided 13 nest construction dates and 13 laying dates. Data from di¡erent years were lumped because individual captive females show little between-year £uctuations in onset of egg laying Lambrechts & Dias 1993) . Statistical analyses were carried out using SAS, procedure GLM (SAS 1989) . Averages with standard deviations, sample sizes (n) and probabilities of statistical tests ( p) are provided.
RESULTS
(a) Field
During the six-year study period, the average onset of egg laying in the ¢eld di¡ered highly signi¢cantly between the three study sites. Blue tits from CorsicaPirio bred more than one month later than the blue tits from the other two study sites (mainland: 6 April AE 9.3 days, n 343, versus Muro: 7 April AE10.0 days, n 163, versus Pirio: 15 May AE 6.2 days, n 375; ¢gures 1 and 2). E¡ects of year (F 5,863 86.31, p50.0001), study site (F 2,863 3577.26, p50.0001), and the interaction site Âyear (F 10,863 17.76, p50.0001) on the onset of egg laying were highly signi¢cant. Excluding the Pirio data from the analyses resulted in a signi¢cant year e¡ect (F 5,494 83.05, p50.0001), a signi¢cant interaction year Â site e¡ect (F 5,494 3.25, p50.01), and a non-signi¢-cant study-site e¡ect (F 1,494 3.65, p50.057).
In the three study populations, year e¡ects could be attributed to inter-year £uctuations in the timing of maximum caterpillar availability. Across years, e¡ects of the peak-date of caterpillar frass fall abundance (F 1,11 44.75, p50.0001) and the study site (Pirio versus Muro versus mainland: F 2,11 4.92, p50.03) on the average onset of egg laying were statistically signi¢cant. The interaction site Âfrass was statistically not signi¢cant (F 2,11 3.82, p 0.055). For the two study sites dominated by broad-leaved deciduous oak woodland (mainland versus Corsica-Muro), the e¡ect of the peak-date of caterpillar abundance (F 1,7 37.79, p50.0001) on the onset of ¢rst clutches was highly signi¢cant, but the e¡ects of study site (F 1,7 0.00, p 0.98) and the interaction site Âfrass (F 1,7 0.03, p 0.87) on the onset of ¢rst clutches were not. The close link between the onset of ¢rst clutches and the peak-date of caterpillar frass fall was con¢rmed when individual females were followed from one year to the next (data not presented).
(b) Aviaries
The two blue tit populations that nicely matched the peak-date of caterpillar frass fall in broad-leaved deciduous oak woodland bred at the same time in the ¢eld, and showed the same inter-year £uctuations in the timing of breeding (see above). We therefore predicted the same timing of breeding for both populations in standardized conditions in captivity. The mainland and Corsica-Muro population started to breed later in captivity than in the ¢eld (¢gure 2), which could be attributed to a habitat e¡ect. Unexpectedly, however, the two captive populations had large and consistent di¡erences in the date of nest construction (mainland: 1 April AE13.2 days, n 13, versus Corsica-Muro: 10 May AE13.2 days, n 19, F 1,30 65.3, p50.0001) and the onset of egg laying (mainland: 27 April AE 7.1 days, n 13, versus Corsica-Muro: 28 May AE 7.4 days, n 14, F 1,25 129.4, p50.0001). The large inter-population di¡erences in timing of breeding were con¢rmed when analyses controlled for the age at which the birds were put in captivity.
In the ¢eld, the Corsica-Pirio birds laid eggs more than one month later than the Corsica-Muro birds (see above). Most surprisingly, the opposite was found in captivity, with highly signi¢cantly later nest construction dates (Muro: 10 May AE13 days, n 19, versus Pirio: 26 April AE 9.5 days, n 16, F 1,33 12.1, p50.005) and egglaying dates (Muro: 27 May AE 7.7 days, n 14, versus Pirio: 11 May AE 6.5 days, n 17, F 1,29 38.0, p50.0001) for the Corsica-Muro than for the Corsica-Pirio birds. Thus the observed between-population di¡erences in onset of egg laying in the ¢eld completely di¡ered from those obtained with outdoor aviaries (¢gure 2).
DISCUSSION
Experiments with captive animals in standardized conditions are used to test if population di¡erences in the wild result from genetic di¡erences or phenotypic plasticity (Visser & Lambrechts 1999 ). If population di¡er-ences result from phenotypic plasticity, the di¡erences observed in the ¢eld should disappear in standardized conditions in captivity. Our study provides the unexpected pattern that large between-population di¡erences exist in captive animals exposed to standardized conditions and that these di¡erences do not exist in the wild, where many confounding variables (food availability, social factors, predation pressures, etc.) can in£uence phenotypic expression. Although we do not yet know the origin of our unexpected results with captive blue tits, our data exclude several potential explanations concerning between-population di¡erences in sampling, maintenance or physical condition of the captive birds. First, the captive Corsica-Muro blue tits with abnormally late breeding times did not represent a biased sample of the natural population, because the birds in the aviary experiments were trapped during ¢ve di¡erent trapping sessions in ¢ve di¡erent years. Furthermore, for two late captive ¢rst-year birds from Muro (both constructed, one laid eggs) the parents were known. In both cases, the parents bred more than one month earlier in the ¢eld than their captive o¡spring. One other female laid her eggs more than one month earlier in the ¢eld than in captivity. Basic protocols to maintain the birds did not change between years resulting in average lay dates that did not change between study periods (e.g. Pirio 19861 992: 11 May AE 7.5 days, n 8, versus 1994^1997: 11 May AE 6 days, n 9). Although we do not have direct measures of physical condition and energy budgets, we found that individual breeding performance persisted in di¡erent years, e.g. there is a high repeatability of lay dates (e.g. Lambrechts & Dias 1993 ). Although we may assume that the formation of eggs is energetically much more expensive than the start of nest construction, the large population di¡erences in onset of egg laying were con¢rmed with the data on the timing of nest construction.
At the landscape level, Corsican blue tits show much more between-population variation in onset of egg laying than mainland blue tits (see }1). Two distinct scenarios can be proposed to explain why breeding times di¡er so much between the Corsican blue tit populations. A ¢rst scenario is that the mainland blue tits are`programmed' for deciduous and all Corsican blue tits are`programmed' to discriminate between deciduous and evergreen habitat. This scenario assumes that Corsican blue tits result from a single genetic line that shows much more phenotypic plasticity in response to spatial variation in food and/or tree phenology than the mainland blue tits. This scenario assumes that blue tits use the local food abundance essential to form eggs or the local tree phenology to decide when to start reproduction (e.g. Wing¢eld 1980; Blondel et al. 1993 ). Here we predict that the Corsica-Pirio and Corsica-Muro blue tits should have the same late breeding time in captivity, a prediction not supported by our data (see above). Furthermore,`mis-programmed' Corsican blue tit breeding times have been observed in small broad-leaved deciduous woodland plots that are situated in valleys dominated by evergreen woodland (Lambrechts & Dias 1993; Dias & Blondel 1996a; M. M. Lambrechts, P. Perret, M. Maistre and J. Blondel, unpublished data) .
A second scenario is that the combination of fast local microevolutionary processes in combination with low dispersal on the island of Corsica resulted in di¡erent genetic blue tit lines, one line adapted to the early tree phenology in broad-leaved deciduous oak woodland, the other adapted to the late tree phenology in evergreen oak woodland (see Lambrechts et al. 1997a) . Because broadleaved deciduous oak woodland with early phenology is relatively rare on Corsica, we do not exclude that the special genetic line of Muro is only found in one valley on Corsica, perhaps established by individuals with traits that are not found in the mainland and/or Corsica-Pirio birds. Two potential non-functional explanations can be provided for the abnormally late breeding time of the captive Corsica-Muro blue tits. Perhaps certain cues or resources that are used in the ¢eld are missing in captivity and the Corsica-Muro birds are more sensitive to the absence of these cues or resources than the other blue tit populations. Alternatively, blue tits from Muro have more di¤culty coping with new and arti¢cial environments than blue tits from the other populations. Di¡erent species, populations or individuals may show large di¡er-ences in their capacity to cope with new environments (Winkler & Leisler 1999) . For instance, within local great tit (Parus major) populations, large between-individual di¡erences in the exploration of new environments exist (Verbeek et al. 1994 ) and some organisms arè programmed' to be more shy than others (Wilson et al. 1994) . This`psychological' (see Wilson et al. 1994) capacity to cope with new environments may act independently of life-history traits if the response mechanisms used in prospecting new habitats di¡er from those used in reproductive decision making.
Our case study demonstrates clearly that experiments with captive animals testing the origin of variation in phenotypic traits without knowledge of the ecology of natural populations may lead to erroneous conclusions. For many years long-term studies concluded that Corsican blue tits have late breeding seasons. This conclusion would not have been altered if the studies on Corsica-Muro blue tits were limited to studies with captive individuals. If we accept the possibility that di¡erent organisms do not have the same capacity to cope with new and arti¢cial environments (see above), welfare studies taking the natural habits and habitats into account (cf. Dawkins 1998; King 1999 ) may improve the reliability of experimental work that tests hypotheses in standardized conditions and thus avoid unexpected results that represent artefacts of experimental design. The ¢nal conclusion is that results obtained with laboratory experiments using non-domesticated animals should always be veri¢ed with population ¢eld studies to avoid a misinterpretation of the results obtained.
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